The heat transfer coefficients of porous copper fabricated by the lost carbonate sintering (LCS) process with porosity range from 57% to 82% and pore size from 150 to 1500 µm have been experimentally determined in this study. The sample was attached to the heat plate and assembled into a forced convection system using water as the coolant. The effectiveness of the heat removal from the heat plate through the porous copper-water system was tested under different water flow rates from 0.3 to 2.0 L/min and an input heat flux of 1.3 MW/m 2 . Porosity has a large effect on the heat transfer performance and the optimum porosity was found to be around 62%. Pore size has a much less effect on the heat transfer performance compared to porosity. High water flow rates enhanced the heat transfer performance for all the samples.
INTRODUCTION
Porous metals with open cells have many potential applications in thermal management because of their huge internal surface area and high permeability for fluids. One such application is as heat exchangers in the cooling systems for electronic devices [1] [2] [3] . The cooling system is composed of the porous metal medium and a gas or liquid coolant flowing through its internal channels. Porous copper is an ideal medium for use as heat exchangers because of the high thermal conductivity of copper. At present most commercial porous copper used as heat exchangers is produced by powder metallurgy through sintering copper particles together without using any fillers. This conventionally particle-sintered porous copper usually has a low and narrow porosity range well below 50% [4] [5] [6] . The particle-sintered bronze samples [4] with porosities from 40% to 46% can enhance the heat transfer performance of the system up to 15 times for water and up to 30 times for air in comparison with an empty channel. The porous copper fabricated by investment casting or by the powder metallurgy using polymer fillers has a high and narrow porosity range over 80%. Several investigations [1, 7, 8] reported that an increase in either porosity or pore size generally reduced the heat transfer coefficient although pore size had much less effect than porosity. The porous copper samples with high porosities from 88% to 94% can enhance the heat transfer about 17 times in comparison with an empty channel. These porous copper samples showed heat transfer coefficients 2 to 3 times of those of the FeCrAlY and Al foams with a similar porosity and a similar coolant flow rate.
Due to the limitations of the manufacturing methods, however, the current copper foams have a porosity either less than 50% or higher than 80%. The heat transfer performance of porous copper in the medium porosity range from 50% to 80% has hardly been reported. The porous copper fabricated by LCS can have a large range of porosity from 50% to 85% and various pore sizes [9] . The LCS porous copper has a very good sintered strength and a homogeneous structure and therefore is a promising candidate for heat transfer applications. This paper investigates the heat transfer performance of porous copper manufactured by LCS, with a porosity range from 57% to 82% and a pore size range from 150 to 1500 µm, under different water flow rates and the fixed input heat flux. A particle-sintered porous copper sample with a porosity of about 40% was also tested for comparison.
EXPERIMENTAL
Totally eight porous copper samples were fabricated by the LCS process, details of which were described in [9] . The raw materials were a commercially pure (99.9%) copper powder with a particle size range of 75 to 125 µm and a food grade potassium carbonate powder, which was divided into three size ranges: 150-250 µm, 425-710 µm and 1000-1500 µm. The process condition was: compaction pressure 200 MPa; sintering temperature 850 ºC and sintering time 4 hrs. The porosity and pore size of all the samples are listed in Table I . Sample 9 was produced by sintering large copper particles, about 1000 µm, at 950°C for 2 hours without using any filler. The pore diameter of this sample was estimated as 400 to 600 µm based on the copper particle size used. It was included for comparison purposes. Figure 1 shows the SEM image of a typical LCS porous copper sample. on T block -T pl , was produced by a heat block heated by 5 heat cartridges. The water flow to the test chamber was produced by a CRI1S-27 pump, with a maximum pressure of 25 bar. The water entering the test chamber was kept cold by a Chiller. The temperatures of the heat block, heat plate, water inlet and outlet were measured by K and T type thermocouples. The water flow rate was measured by an ABB COPA-XL flow meter. All the data from the thermocouples and flow meter were recorded by a PC. The measurements were conducted after the steady state condition was reached for a constant input heat flux of 1.3 MW/m 2 and coolant flow rates from 0.3 to 2.0 L/min.
The heat transfer performance of the porous copper sample can be characterised by an overall heat transfer coefficient of the cooling system composed of the porous copper sample and the water flow. This heat transfer coefficient, h, can be determined by:
where J is the heat flow from the heat plate to the cooling water; A is the contact area between the porous copper sample and the heat plate (A=78.5 mm 2 in this study); T pl is the temperature of the heat plate; T m is the mean temperature of the water inlet and outlet. If heat losses through the testing chamber are negligible, the heat flow, J, is equal to the amount of heat carried away by the cooling water in unit time, i.e.:
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where ρ is the density of water (ρ = 1000 kg/m 3 ); C p is specific heat of water (C p = 0.6 kJ /kgK); f is flow rate, m 3 /s; T in and T out are the temperatures of water inlet and outlet. Combining Equations (1) and (2), the heat transfer coefficient can be obtained by:
RESULTS AND DISCUSSION

Effect of porosity
Six porous copper samples with the same pore size of 425-710 µm but different porosities from 57 to 82%, as shown in Table I , were tested in this study at flow rates from 0.3 to 2.0 L/min and an input heat flux of 1.3 MW/m 2 . For comparison purposes the empty testing chamber, i.e. without a porous copper sample, and the particle-sintered porous copper sample, Sample 9, were also tested. They are designated in the following graphs by their porosities, 100% and 40%, respectively.
The variations of heat transfer coefficient with porosity at different water flow rates are shown in Figure 3 . The porosity clearly has a large effect on the heat transfer coefficient. With increasing the porosity, the heat transfer coefficient first increases until reaching the highest values at the porosity 62% and then generally decreases for all flow rates. The empty chamber without a porous sample has the lowest heat transfer performance. It is evident that the porous copper sample has played an important role in the heat transfer of the system, increasing the heat transfer coefficient 2 to 3 times compared to the empty channel. Figure 3 also shows that the conventionally sintered copper without using a space holder, Sample 9, has a similar coefficient as Sample 2, which has a porosity of 76%. In other words, for the same heat exchange performance, the LCS porous copper has only 40% weight of conventionally particle-sintered copper. Comparing the LCS porous copper with a porosity of 62%, Sample 7, and Sample 9, the heat transfer coefficient of the former at different water flow rates are 1.5-1.8 times of those of the latter, while the weight of the former is only about two thirds of the latter. If the existing products are replaced by the LCS copper, then the heat exchangers would be much lighter or have better performance. It is worth noting that there is a sharp fall in heat transfer coefficient when the porosity is increased from 62% to 68%. This is likely an outcome of a special structural feature of LCS porous copper, as this porosity coincides with the critical volume percentage of K 2 CO 3 particles in a Cu-K 2 CO 3 mixture where the interstices between the K 2 CO 3 particles are just completely filled with smaller Cu particles. A previous study of the mechanical properties of the LCS porous copper showed that the porous copper with a porosity of 69% had lower impact strength than those of the porous copper with a slightly higher porosity [10] , indicating that the structural integrity of the porous copper at a porosity around 68-69% is less good. Whether this is the right cause or not, however, needs further investigation.
The effect of porosity on the heat transfer performance can be analysed by its effects on the thermal conductivity, the internal surface area and the permeability of the porous sample. A high porosity corresponds to a low volume of copper matrix and thus a low thermal conductivity of the porous sample [11] , which decreases the conductive heat transfer from the heat plate. At the same time a high porosity results in a high internal surface area and a high fluid permeability of the sample, which enhances the convective heat removal from the porous copper to the fluid flow. Therefore, the overall heat transfer performance depends not only on the thermal conduction in the copper matrix but also on the heat removal to the fluid. The optimum porosity is achieved by balancing these two processes. Low porosity is conducive to better thermal conduction from the heat source to the porous copper, but disadvantageous for convectional heat transfer from the porous copper to the coolant. In other words, thermal convection by the coolant is the limiting factor. High porosity has the opposite effect and the limiting factor is thermal conduction in the copper matrix. There exists an optimum porosity at which both conduction and convection are maximised. The optimum porosity resulting in best heat transfer found experimentally in this study is around 62%, as shown in Figure 3 .
Effect of pore size
In order to investigate the effect of pore size on the heat transfer performance of the porous copper, three samples with different pore size ranges, 150-250 µm, 425-710 µm and 1000-1500 µm and a similar porosity of about 72% were tested. The heat transfer coefficients of the three samples at different water flow rates and the same input heat flux of 1.3 MW/m 2 are shown in Figure 4 . The sample with the medium pore size range of 425-710 µm has heat transfer coefficients 1.5 times higher than those with the small and large pore size ranges. The small and large pore size samples have similar heat transfer performance. The effect of pore size on the heat transfer coefficient is considered to be an outcome of its effect on fluid permeability. For the same porosity, smaller pores have a higher specific surface area, leading to greater flow resistance. Larger pores, on the other hand, generally result in less straight or longer flow path. Both can lead to lower coolant permeability and thus lower convectional heat transfer. Compared with porosity, however, the effect of pore size is much less significant. 
Effect of water flow rate
The effect of water flow rate on the heat transfer coefficient of the porous copper samples with different porosities under the input heat flux of 1.3 MW/m 2 can also be seen in Figure 3 . Increasing the flow rate from 0.3 to 2.0 L/min increases the coefficients of all the samples with different porosities. The samples with medium porosities (57% and 62%) show a large increase in coefficient with increasing the flow rate compared to the lower and higher porosity samples.
As expected from Equation (3), the heat transfer coefficient should increase nearly linearly with water flow rate for any fixed porosity. The effectiveness of increasing flow rate is clearly related to the role of convection in the overall heat transfer as discussed above.
CONCLUSIONS
Porous copper samples with large ranges of porosity and pore size have been fabricated by LCS and the heat transfer performance has been tested. Compared to the empty channel, introducing the porous copper sample can enhance the heat transfer performance 2 to 3 times. The porosity of the porous copper sample has a significant effect on the heat transfer performance, due to its large influence on the permeability and the heat conductivity of the sample. The optimum porosity, which balances these two factors, has been experimentally obtained as about 62% in this study. Pore size has a much less effect on the heat transfer coefficient. Increasing water flow rate increases the heat transfer performance for all samples, especially markedly for those with medium porosities, because of enhanced heat removal from the heat source. LCS porous copper has a large variable porosity range to achieve an optimum heat transfer performance. It is potentially a more effective material as heat exchangers for electronics cooling systems than the existing porous copper products.
